Atherosclerosis is the leading cause of morbidity and mortality in the U.S., and is a multifactorial disease that preferentially occurs in regions of the arterial tree exposed to disturbed blood flow. The detailed mechanisms by which d-flow induces atherosclerosis involve changes in the expression of genes, epigenetic patterns, and metabolites of multiple vascular cells, especially endothelial cells. This review presents an overview of endothelial mechanobiology and its relation to the pathogenesis of atherosclerosis with special reference to the anatomy of the artery and the underlying fluid mechanics, followed by a discussion of a variety of experimental models to study the role of fluid mechanics and atherosclerosis. Various in vitro and in vivo models to study the role of flow in endothelial biology and pathobiology are discussed in this review. Furthermore, strategies used for the global profiling of the genome, transcriptome, miRNA-nome, DNA methylome, and metabolome, as they are important to define the biological and pathophysiological mechanisms of atherosclerosis. These "omics" approaches, especially those which derive data based on a single animal model, provide unprecedented opportunities to not only better understand the pathophysiology of atherosclerosis development in a holistic and integrative manner, but also to identify novel molecular and diagnostic targets.
Introduction and Overview
Although the physical transduction of force to macroscopic objects has been studied exhaustively, the study of the interplay between physical forces and living cells, known as mechanobiology, is relatively young. Furthermore, although the forces at work in the biological system are much more subtle than in more traditionally studied systems, the responses to these forces are arguably more complex. This review focuses specifically on the effects of one particular force, fluid shear stress imposed by blood flow, on the vascular endothelium in the cardiovascular system and its effects on the pathology of atherosclerosis. Finally, this review aims to present how techniques such as "omics" can be used to translate our knowledge of mechanobiology into specific targets that can be developed into therapeutics for atherosclerosis.
Vascular Fluid Mechanics and Disease

Hemodynamics in the arteries
The cardiovascular system is comprised of a heart pump, a low-pressure venous system which brings blood back to the heart, and a high-pressure arterial system which supplies blood to the body's tissues. The arterial system is divided between the lower pressure pulmonary circulation to the lungs and the higher pressure systemic arterial system flowing from the left ventricle of the heart to the aorta and out to the rest of the body. This review is concerned with the arteries functioning in the systemic circulation. The basic arterial wall structure consists of three layers (Figure 1 ): the innermost intimal layer comprised of the endothelium, the middle medial layer mainly comprised of smooth muscle cells, and the outermost adventitial layer, comprised of fibroblastic cells. The endothelium is a monolayer of cells which function as the barrier between the blood and the rest of the vessel wall, as well as a surface to resist blood clotting. Smooth muscle cells mainly act as the mechanical strength needed to support blood pressure-induced stretch. The forces experienced by the arterial wall include the normal stress of blood pressure induced by blood flow, the circumferential stretch induced by cyclic strain driven by the pressure pulse, and the wall shear stress exerted by the blood flowing tangential to the surface of the blood vessel. The focus of this review is the effect of wall shear stress on the endothelium and its role in pathophysiology of atherosclerosis.
Wall shear stress (WSS), the frictional force between the blood and the endothelium, has emerged as a major determinant of endothelial function and gene expression. Shear stress can be mathematically described in a steady, fully developed, laminar flow through a straight tube known as Poiseuille flow. For Poiseuille flow, the shear stress is directly proportional to viscosity of the fluid and the volumetric flow rate, and inversely proportional to the cube of the radius of the vessel lumen. However, due to variabilities in the cross section within the arteries and the fact that arteries are not uniformly straight, the calculated WSS can significantly vary from the measured WSS. Physiologically, the shear stress must be maintained within a narrow range and even small deviations in magnitude or direction can greatly impact endothelial homeostasis. Although it is assumed the mean shear stress is 15 dyn/cm 2 throughout the vascular system, this value is derived from an average over the values taken over the cardiac cycle in large straight arteries experiencing steady, unidirectional laminar flow [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Furthermore, the principle of minimum work as derived by Murray, which in mathematical form deduces that the cube of the radius of the mother vessel equals the sum of cubes of the radii of the daughter vessels [11] [12] [13] also supports this value. However, more recently, it has emerged that the actual mean wall shear stress varies along the arterial tree [14] [15] [16] [17] . As shown in Figure 2A , in healthy humans, the common carotid artery ranges from 9.5-15 dyn/cm 2 with an average of 11.6 dyn/cm 2 whereas the brachial artery, common femoral artery, superficial femoral artery, infrarenal aorta, and suprarenal aorta are much lower, with averages of 6.5, 4.3, 4.4, .2, and 7.3 dyn/cm 2 respectively [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . From these studies, it was concluded by previous reviewers that the wall shear stress values are dependent on the distance from the aortic root in that the more downstream vessels have lower shear stress values [32, 33] .
Not only does the shear stress vary widely with location, there are also differences in shear stress among species due to anatomical differences [30] [27] [28] [29] . In the common carotid arteries of dogs, the WSS is 15.8 dyn/cm 2 , whereas in rabbits the values in shear stress varied widely but the average was 23.3 dyn/cm 2 . In rats and mice, the values also varied widely, but the average values for the common carotid were 46.6 and 64.8 dyn/cm 2 respectively. In the femoral artery, the dogs had a value of 9.8 dyn/cm 2 , whereas for rabbits it was 156.8, and for rats it was 65.9 [27, 28, 30, [34] [35] [36] [37] [38] [39] [40] . These values varied widely due to the various types of methods and anesthetics used for measurements. However, despite the variability, these studies indicate that the wall shear stress is roughly correlated with animal size. Larger animals, such as humans, have the lowest WSS when comparing the same artery to smaller animals such as mice. The nonuniformity in shear stress among arteries within the same animal and across species can be explained by differences in the vessel lumen diameter, as WSS has been found to inversely correlate with lumen diameter [32, 33] .
Furthermore, the geometry of the vessel plays a major role in the WSS. The human carotid can be used as an example of the changes in the shear stress profile due to geometric changes ( Figure 2B ). The carotid artery bifurcates into the external and the internal carotid artery, respectively. Figure 2B shows the wall shear stress in a healthy male. Although the time-averaged wall shear stress is approximately 8 dyn/cm 2 through the majority of the artery, the carotid sinus experiences a much lower shear stress than the rest of the artery, thus indicating that shear stress is not uniform throughout the whole artery. Another example of WSS variation within the artery is shown in Figure 2C . In the left anterior descending coronary artery, the WSS widely varies between 5 dyn/cm 2 in small pockets, to 20 dyn/cm 2 in large sections of the artery, to some sections reaching up to 60 dyn/cm 2 [41] . This heterogeneity has also been studied in mice. In the murine aortic arch, the WSS only reaches up to 150 dyn/cm 2 in the inner curvature (lesser curvature), whereas the straighter greater curvature reaches up to 600 dyn/cm 2 . Furthermore, in the greater curvature (GC), the velocity vectors are generally in the same direction, whereas the lesser curvature (LC) has velocity vectors in multiple directions [42] . Thus, not only does the magnitude of shear stress widely vary within the artery, but the directionality also varies due to the geometry of the artery. This heterogeneity in shear stress among the arteries arises in areas of differential gene expression. This can be clearly seen in a murine model of atherosclerosis known as the partial carotid ligation (PCL) model [43] . Figure 2E shows that when the left carotid artery (LCA) is ligated, the WSS drops from approximately 110 dyn/cm 2 to 30 dyn/cm 2 , and thus contributes to pathogenesis of atherosclerosis.
Atherosclerosis and Localization of Plaques
Although atherosclerosis is the most common cause of death in the world [44] and thus is widely studied, it is a complex disease and the mechanisms by which it occurs are still being elucidated. What is known is that atherosclerosis is an inflammatory disease occurring in the arterial wall. Atherosclerosis is initiated by inflammation in the endothelial layer, which allows the endothelium to become more permeable. After the barrier of the endothelium is compromised, bloodborne lipids such as those associated with low density lipoproteins (LDL), accumulate under in the intima. Once these lipids are present, immune cells, particularly monocytes, transmigrate into the intima as well with the aid of the endothelium and upon contact with the LDL, become foam cells to create lesions. These initial lesions then become progressively larger with age. The lesions, or plaques, are what characterizes atherosclerosis [45] . It is generally regarded that there are distinct stages of plaque progression ( Figure 3 ). In brief, these include LDL accumulation in the intima, oxidation by resident macrophages and smooth muscle cells, recruitment of circulating monocytes by cytokines and transmigration by binding to endothelial cell adhesion molecules, foam cell formation, smooth muscle migration to the intimal layer, smooth muscle proliferation, and finally the formation of a necrotic core. Although plaques can be heterogeneous in nature, the consequences of plaque formation end in occlusion of the artery and a loss of blood flow and oxygen to downstream regions and organs. This can occur by either the development of a plaque so large that it becomes occlusive, or the formation of a smaller plaque which is vulnerable and erodes so that the endothelium is denuded and an occlusive thrombus forms [46] [47] [48] .
Interestingly, it has been observed that atherosclerotic plaques develop in specific regions of the vasculature. Specifically, as early as the 1960s, it was observed that plaques develop at sites of curvature, branching, or cross-sectional expansion and these sites experience flow separation [49] . At these regions, the flow departs from pulsatile, unidirectional flow to create flow-separation zones including flow reversal, oscillatory flow, and turbulence [50] [51] [52] [53] . These sites include the abdominal aorta, the carotid bifurcation, and the lesser curvature of the aorta [49] . However, Caro and colleagues were the first to show that lesions develop directly upstream of these flow dividers in regions of low wall shear stress [54, 55] . Following this initial study, Caro and Nerem perfused the common carotid arteries of dogs and studied cholesterol uptake, which is one of the initiating steps of atherosclerosis [56] . They found that the uptake of lipids in arteries could not be correlated with fluid phase mass transport rates, which lead the investigators to conclude that the blood flow directly on the arterial wall affected the cholesterol transport. In conjunction with Caro's initial study, the hypothesis that atherosclerosis is localized to areas of low wall shear stress due to its effect on the arterial wall was validated by many other investigators [57] [58] [59] [60] [61] [62] [63] . Particularly, Ku and colleagues noted that not only is low wall shear stress an indicator of a site of plaque development, but also in these regions there is a reversal of the flow during the pulsatile flow cycle. Taken together, the flow pattern associated with atherosclerotic plaques corresponds to low, oscillating, shear stress known as disturbed flow (d-flow or OS).
Atherosclerosis and the Endothelium
Endothelial Regulation by Flow
Although Caro and Nerem found that the direct flow of fluid on the arterial wall affected cholesterol transport, it was not shown until later that the endothelium was involved. The direct effect of fluid flow on endothelial cells (ECs) was first demonstrated by Nerem and Dewey independently [64, 65] . In these studies, these investigators found that ECs align in the direction of flow. Later, Frangos et al. and Grabowski et al. observed that application of shear stress to static cells rapidly induced the antithrombotic prostacyclin [66, 67] . Furthermore, Mo et al. and Shen et al. independently found that shear transiently induces release of intracellular Ca 2+ , which acts as a signaling molecule [68, 69] . Finally, Kuchan et al. and Korenaga et al. found that shear induces sustained release of the vasodilator nitric oxide (NO) [70] [71] [72] . Taken together, these studies on cultured ECs suggested that fluid shear stress directly affects the phenotype of ECs.
The main functions of the endothelium are to maintain a barrier between the blood and underlying tissues, regulation of vascular tone, recruitment of immune cells to sites of injury, and to form new blood vessels. Numerous studies have shown that each of these endothelial functions is greatly impacted by shear stress. One of the earliest functions to be studied was endothelial permeability as described above (Caro and Nerem) , as well as further studies into the effects on individual transport pathways (tight junctions, adherens junctions, vesicles, and leaky junctions [56] . Specifically, endothelial permeability increases after the onset of shear stress, but decreases after prolonged exposure [73, 74] . Furthermore, it was found that the biphasic response of endothelial permeability is due to increases in NO production from shear stress, which decrease permeability [75] [76] [77] . Taken together, these studies suggest that the acute increase in permeability is most relevant to the microcirculation, which responds to needs of specific organs, whereas the chronic response, which is downregulation of permeability due to sustained shear, are protective against the formation of atherosclerosis in that LDL is not allowed to penetrate the wall [78] . Furthermore, it has been shown in a mouse model of atherosclerosis that endothelial permeability is increased in atheroprone regions due to the degradation of the endothelial extracellular matrix (ECM) by matrix metalloproteinases (MMPs) [79] . Additionally, alterations in the endothelial ECM lead to stiffening of the intimal layer, which also affects endothelial permeability [80] . Not only does d-flow negatively impact endothelial permeability and ECM integrity and stiffness, it has also been shown to increase migration and angiogenesis [81, 82] .
Due to the effects of flow on the endothelium, it is unsurprising that several studies have found that there are site-specific changes in the endothelium at plaque-prone regions, particularly at curves, branches, and bifurcations. Numerous studies have shown that monocyte adhesion to the endothelium has been enhanced in these regions due to the presence of increased chemoattractants and adhesion molecules [83] [84] [85] . Furthermore, endothelial transcription profiles taken in these d-flow regions from mice [86] and pigs [87] indicate that in general, ECs exhibit a pro-inflammatory phenotype when exposed to d-flow. Hajra et al. found that the subunits of the pro-inflammatory nuclear transcription factor NFκB (p65, IκBα, IκBβ) were upregulated in areas of the proximal aortas of mice which were prone to lesion formation [86] . NFκB was only activated in a minority of the cells basally, but was highly activated when stimulated with LPS or hypercholesterolemia. Later, Passerini et al. found that in ECs isolated from either the inner aortic arch of pigs, which experiences d-flow, vs. the descending thoracic aorta, which experiences unidirectional laminar flow/laminar shear stress (LS), there was a general upregulation of several inflammatory cytokines and NFκB elements [87] . Furthermore, in cells isolated from the thoracic aorta expressed more antioxidative genes, which are generally less inflammatory. Taken together, these studies indicated that the endothelium in these regions has a proinflammatory phenotype.
Overall, disturbed blood on endothelium induces pro-inflammatory changes that impact endothelial leakiness, stiffness, and the ability to form new vessels.
Models of Flow and Shear Stress to Study Endothelial Function and Atherosclerosis
In vitro-There are a variety of in vitro and in vivo models to study the effects of d-flow on the endothelium specifically, as well as atherosclerosis (summarized in Figure 4 ). One of the first and most characterized in vitro models of shear stress is the cone-and-plate viscometer [65, 88] . In this system, shear stress is applied to cultured cells in a stationary plate by a rotating cone. A modified version was later introduced [89] , which included a speedcontrolled motor with variable rotational velocities. More recently, our lab has developed a modified cone-and-plate which is housed in a standard incubator and programmed shear stress profiles can be controlled by computer ( [90, 91] . Another in vitro model is the parallel-plate flow chamber, developed originally by Frangos, McIntire, and colleagues [66, 92] . In this system, a flow chamber consisting of a polycarbonate plate, a rectangular Silastic gasket, and a glass slide (or cover slip) with the attached EC monolayer were held together by a vacuum maintained at the periphery of the slide. Flow was driven either by the hydrostatic pressure head between the two reservoirs to produce steady flow or via cam-driven clamps upstream of the chamber to produce pulsatile flow. Although the cone-andplate and the parallel-plate flow chamber systems are the most commonly used in vitro shear systems, microfluidic chambers have become more recently used as they allow for high throughput experiments. This method was pioneered and commercialized by Schaff et al. [93] [94] [95] .
Ex vivo and in vivo-Although in vitro models provide insight into the role of shear stress in endothelial biology, ex vivo models allow for the study of shear stress on the endothelium in conjunction with related factors, such as the ECM [96] . Early ex vivo models from the 1990s consisted of explanted artery segments cannulated at the ends. In these setups, the arteries were perfused with a controlled intraluminal pressure, flow pulsatility, and direction in a culture medium bath [97, 98] . In one such system, Gambillara et al. showed that low magnitude, oscillatory shear stress reduced endothelial nitric oxide synthase (eNOS) expression in porcine carotid arteries [98] . Lu and Kassab also used porcine arteries to show NO levels drop after exposure to flow reversal [99] . Furthermore, an ex vivo model for murine carotid arteries was developed by Gleason et al. [100] . In this model, defined mechanical stress can be applied to the arteries based on a computer controller.
There are also several in vivo models of atherosclerosis. These models are available in a variety of animals, including pigs, primates, rats, and mice [96] . However, due to the ease of genetic and physical manipulation of mice, mice are the most popular animal models of atherosclerosis. One of the first models of atherosclerosis in mice was the hypercholesterolemia model developed by Paigen et al. [101] [102] [103] [104] . It was found that only the C57BL/6J strain could develop atherosclerosis if hypercholesterolemia was induced by genetic mutation and high-fat diet. The two most widely used mutations are the apolipoprotein E (ApoE) disruption [105] [106] [107] and the LDL receptor deletion [108] . The most common diets are Paigen's diet, which includes cholate [102] , and the Western diet, which does not include cholate and is less inflammatory [106, 109] . Other models of atherosclerosis use surgical intervention to the arteries to induce atherosclerosis. Specifically, models such as injection of foreign proteins [110, 111] in rabbits, drying models in rats [112] , and the more established wire [113] and later balloon injury models [114, 115] in mice directly injured the artery. However, the constrictive perivascular cuff model in mice [116] [117] [118] and the ligation models in mice are the most popular methods to rapidly induce atherosclerosis by alterations in flow, and thus shear stress (in conjunction with the hypercholesterolemic models). In the perivascular cuff model, the constricted region experiences higher shear stress, whereas the proximal section is exposed to d-flow and thus develops atherosclerotic plaques Figure 4D . Both complete ligations and incomplete ligations are also commonly used models. In the complete ligations, the carotid artery in rodents is ligated and this induces vascular remodeling, neointimal hyperplasia, and atheroma formation [60, [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] . In this model, there is no wall shear stress on the endothelium. However, as this injures the artery, this model does not isolate the role of shear stress alone in atherosclerosis. Finally, among the incomplete ligations, first studied in pigs [129] , we have robustly developed a partial carotid ligation model [43] . In this model, 3 of the 4 branches of the left carotid artery is ligated while the right artery serves as an internal control ( Figure 4E ).
Mechanosensing and Mechanotransduction in Atherosclerosis
In the context of vascular biology, mechanosensitivity describes the ability of the endothelium to perceive mechanical stimuli and translate these stimuli into biological signaling events. Both mechanosensing and mechanotransduction are fundamental physiological mechanisms allowing the ECs to react to physical forces such as shear stress and cyclic stretch. A stimulus is perceived by mechanosensors on the endothelial cell surface and is translated into a cell signaling event via effector proteins known as mechanotransducers. In the last 15 years, our understanding about mechanosensors, mechanotransducers, and the process of mechanotransduction in the endothelium has increased significantly, but it is still an incomplete picture. Overall, there is no clear distinction between mechanosensing and mechanotransduction. Whether the mechanosensors themselves work as transducers or whether the mechanosensors are separate sub-cellular signaling entities remains to be discovered. Also, it is still unknown as to what are the precise biological functions of mechanotransduction in the endothelium. A variety of endothelial mechanosensors and their associated downstream pathways have already been identified [130] [131] [132] [133] . This section summarizes the key mechanosensors and mechanotransducers in the endothelium that play a critical role in normal and pathophysiological processes.
Mechanosensors
On the luminal, junctional, and basal surfaces of ECs, there are numerous mechanoreceptors capable of detecting and responding to shear stress stimuli (summarized in Figure 5A ). After activation of any one of these mechanoreceptors, a complex network of several intracellular pathways is triggered in a process known as mechanotransduction. These pathways are activated simultaneously and/or cross-talk with each other. These pathways lead to regulation of several transcription factors, which bind positive or negative shear stress responsive elements (SSREs) in the promoters of mechanosensitive genes, thus inducing or suppressing gene expression respectively. Furthermore, a shear stress stimulus could trigger a change in conformation of a membrane protein in order to expose previously hidden sites. Thus, a new binding site would be available to downstream biochemical substrates, which would initiate a cell signaling cascade. Below, we discuss the role of major mechanical sensors, including platelet endothelial cell adhesion molecule 1 (PECAM1), the glycocalyx, caveolins, cytoskeletal structures, integrins, angiotensin type 1 (AT1) receptor (AT1R), and the nucleus in the regulation of endothelial function.
PECAM1 is an important molecule that is present on the endothelial surface and is primarily localized to junctions between ECs. PECAM1 becomes phosphorylated at tyrosine residues in response to mechanical stimuli. Osawa et al. report that this phosphorylation causes association of PECAM1 with SHP-2, a phosphatase that activates extracellular signalregulated kinase (ERK) [134] . ERK activation, which has been previously implicated in mechanotransduction, depends on PECAM1 phosphorylation. Therefore, it can be speculated that in response to mechanical disturbance of the plasma membrane, PECAM1 becomes phosphorylated by an unknown kinase, and subsequently recruits SHP-2, thereby activating ERK. In turn, SHP-2 can dephosphorylate PECAM1, however, persistent flowshear stress could re-initiate the phosphorylation cycle, thus maintaining the cellular response [135] . Furthermore, PECAM1 (in complex with vascular endothelial growth factor receptor (VEGFR2) and VE-cadherin) activates phosphatidylinositol-3-OH kinase (PI3K), which is another mechanosensitive signaling kinase. After PI3K is activated, another mechanosensitve kinase which is involved in the same signaling pathway as PI3K, Akt, is also activated. Akt activation leads to cytoskeletal arrangement so that ECs exposed to antiatherogenic LS align in the direction of flow, whereas in ECs exposed to pro-atherogenic OS, have Rac1 activation, which in turn leads to increased reactive oxygen species (ROS) and NFκB activation. Thus, in OS, the same mechanosensors lead to the expression of proinflammatory genes by activating NFκB. [136, 137] The glycocalyx is also present on the surface of ECs. The glycocalyx is comprised of various macromolecules. Some of these include glycoproteins bearing oligosaccharides and terminal sialic acids, proteoglycans, and glycosaminoglycans (GAGs) [138] . The glycocalyx constantly senses the shear stress on the endothelium. The glycocalyx also interacts with other plasma proteins, enzymes, enzyme inhibitors, growth factors and cytokines through structural cationic sites, as well as cationic amino acids, in order to make a matrix of biopolyelectrolytes [138] [139] [140] [141] [142] . It is frequently observed that the glycocalyx undergoes structural and functional modifications when interacting with these molecules [143] [144] [145] [146] . These properties allow the glycocalyx to function as a selectively permeable barrier for macromolecules by filtering molecules based on size and charge. Given its role as a selectively permeable barrier, its ability to sense the mechanical forces imposed by blood flow, and sequentially transduce these signals into intracellular biochemical responses with vasoregulatory properties [147] [148] [149] [150] [151] , these qualities distinguish the glycocalyx as a vital element of a functional endothelium. Likewise, proteoglycans are proteins that contain specific sites where sulfated GAGs are covalently attached en route from the endoplasmic reticulum to the Golgi apparatus. These constituents provide a downstream signaling event upon interaction with the local fluid-shear environment [146, 152] .
Caveolin-1 is also a membrane-associated element. Specifically, caveolin-1 is a protein that associates with cholesterol and sphingolipid-rich regions of the membrane and usually forms pits or caveolae. Similarly, glypicans, along with their heparin sulfate chains localize to these regions. Transmembrane syndecans are shown to cluster on the outer edge of caveolae and along with other molecules, are involved with eNOS signaling. Particularly, these molecules have been shown to inactivate eNOS [153] [154] [155] [156] [157] . On the other side of the plasma membrane, the cytoplasmic tails of the syndecans associate with the cytoskeleton and assist in its organization through molecules such as ezrin, tubulin, syntenin, syndesmos, dynamin and α-actinin [158] [159] [160] [161] . Syndecans also directly associate with proteins involved in signaling, such as protein kinase C-α (PKCα), phosphatidylinositol-4,5-biphosphate, and Calcium/Calmodulin-Dependent Serine Protein Kinase (CASK), a protein containing both a calcium/calmodulin-dependent and a guanylate kinase domain [158, [162] [163] [164] . Active participation in signaling stems from the phosphorylation of certain intracytoplasmic residues, which act as switches controlling the oligomerization state and thus altering the binding properties of syndecans. Ultimately, this enables them to orchestrate events on both sides of the membrane [158, [162] [163] [164] . Finally, it is also worth noting that the secondary structures of all syndecan ectodomains are predicted to contain almost exclusively solventaccessible loops, implying that these molecules are flexible (models by PROFsec, and YASPIN) [165, 166] .
Integrins are also membrane-associated mechanosensors. Integrins are hetero dimeric transmembrane proteins comprised of non-covalent interactions between α and β subunits that serve as major molecular links between ECs and the ECM. Extracellular domains of the α subunits participate in adhesion and ligand recognition, and upon activation, the short cytoplasmic domains of β subunits, which lack kinase function, physically connect to the cytoskeleton and recruit proteins for signaling [167] [168] [169] [170] . The specificity of integrin signaling is made possible by α and β-subunits that form the hetero dimeric pair. The αsubunit generally confers ECM specificity [170, 171] , whereas the β-subunit interacts with the cytoplasmic environment. Evidence for shear stress activation of integrins is provided by both direct assessment of integrin conformational changes in response to shear stress and blockade of the shear-induced responses by monoclonal antibodies or via the use of the integrin binding Arg-Gly-Asp (RGD) peptide. When cells are plated on ECM or treated with integrin-activating monoclonal antibodies, integrin activation is manifested by modulations of affinity and avidity [172, 173] . Tzima et al. have shown an increased immunostaining of integrins in sheared ECs, indicating a modulation of integrin affinity by shear stress [136] . Using multiple monoclonal antibodies to assess ligand-bound form of β 1 and β 3 , Jalali et al. have demonstrated that shear stress leads to an increase in integrin avidity in the endothelium [174] . Because integrins lack enzymatic activity, activation of signaling factors requires interaction with cellular proteins that have kinase activity. In ECs, the cytoplasmic tail of the β-subunit has been shown to directly bind to several cytoskeletal proteins that associate with signaling molecules [175] . In other cell types, β1 integrin has been shown to be important for coupling mechanical stretch to activation of the well-known mechanosensitive signaling pathway members mitogen activated protein kinases (MAPKs), as well as focal adhesion kinase (FAK) and Rho GTPases [176, 177] . EC motility is a critical function that is regulated by integrins in response to hemodynamic forces. The effect of shear stress on EC migration and the contribution of the integrins and integrin-dependent signaling pathways have been studied in vitro using scratch-wound assays. LS-induced endothelial migration was significantly reduced by integrin-receptor blocking with RGD peptides or with neutralizing antibodies against integrin subunits αv and β1, whereas antibodies against αvβ3 or α2β1 had no effect. Cell-surface levels of the integrin α5β1 were specifically upregulated in migrating ECs at the wound edges. Consistent with these previous results, blockade of the integrin-associated adapter protein Shc by overexpression of dominant negative construct inhibited shear stress-stimulated endothelial migration [178, 179] . Collectively, these studies imply that integrins are important endothelial mechanosensors and mechanotransducers.
Mechanical forces can also be directly sensed by the actin cortex and, in turn, be transmitted as signaling events. However, the mechanisms are poorly understood. Using an integrative approach of combining molecular and mechanical experimental perturbations with theoretical multiscale modeling, the process of cortical mechanosensing from molecular to cellular scales has been elucidated. Early evidence that the nucleus is under tension came from Ingber and coworkers in 1992, who showed that perturbing actomyosin forces altered cell and nuclear shape [180] . In a landmark paper in 1997, they showed that tugging on integrin receptors in the cell membrane causes nuclear distortion and motion [181] . This established the concept that forces applied externally to the cell are propagated to the nuclear surface, which was consistent with mechanical models of the cell cytoskeleton that are 'hardwired' to the nuclear envelope [182] [183] [184] [185] [186] [187] . These external forces have now been shown to induce clearly-detectable nuclear deformation [181, [188] [189] [190] [191] [192] [193] [194] [195] . The F-actin cytoskeleton plays a major role in propagating the mechanical forces from the integrin receptors to the nuclear surface, although the molecules which connect the nucleus to the cytoskeleton have only recently been identified. In recent years, members of the so-called LINC complex ( Linker of Nucleoskeleton to the Cytoskeleton) have been discovered in the nuclear envelope [196] [197] [198] [199] [200] [201] . The LINC complex is comprised of two protein families that span the nuclear envelope, and physically connect the cytoskeleton to the nucleoskeleton. The SUN (Sad1p, UNC-84) domain proteins span the inner nuclear membrane and translumenally bind the KASH (Klarsicht/ANC-1/Syne Homology) domain proteins that span the outer nuclear membrane. In this way the KASH and SUN domain proteins create a mechanical tether that connects both membranes of the nuclear envelope. The KASH domain proteins bind to various cytoskeletal constituents, whereas the SUN domain proteins associate with the nuclear lamina [199] [200] [201] . Thus, the mechanical connections created by the LINC complex can integrate the forces of the cytoskeleton and the nucleus.
In the past decade, numerous studies have indicated that the nucleus itself may act as a cellular mechanosensor to directly modulate the expression of mechanosensitive genes [202] . The nucleus is tightly integrated into the structural network of the cell through LINC, which transmits forces between the nucleus and the cytoskeleton [200] . Lamins, which are type V nuclear intermediate filaments, contribute to the nuclear lamina as an extended part of the LINC complex. Through this interaction, lamins play a central role in the nuclear mechanosensory process. Lamins can be separated into A-type and B-type, with lamins A and C as the major A-type isoforms, and lamins B1 and B2 as the major B-type isoforms in somatic cells [203] . Lamins A and C provide structural support to the nucleus [190] and play a major role in physically connecting the nucleus to the cytoskeleton, thereby enabling forces to be transmitted from the cytoskeleton and extracellular matrix to the nuclear interior. Lamins A and C are important contributors to the mechanical stiffness of nuclei, whereas lamin B1 contributes to nuclear integrity instead. Cells lacking lamins A and C have reduced nuclear stiffness and increased nuclear fragility, which leads to increased cell death under mechanical strain. Mutations in lamins A and C result in a variety of severe diseases, including dilated cardiomyopathy, which further indicates the critical role of these nuclear envelope proteins in maintaining normal cellular function. Recent studies have provided some insight into how the nuclear lamina responds to force-induced nuclear deformation and couples to biochemical responses in ECs in response to shear stress [188, [204] [205] [206] [207] . However, it remains to be determined whether these changes reflect the role of lamins as mechanosensors or if transcriptional regulation of lamins is downstream of other mechanosensing pathways. Several other key questions remain to be addressed regarding the role of the nuclear envelope proteins in endothelial mechanotransduction. Issues that remain to be addressed include whether lamins are mechanosensors or merely serve as processing hubs, how the nuclear mechanosensing system is integrated with signaling originating from the plasma membrane, and the role of this system during adaptive and maladaptive stages of vessel remodeling.
Finally, G-protein coupled receptor (GPCRs), such as AT1R, can also serve as mechanosensors/transducers. One such, AT1R, binds angiotensin II (Ang II) in the canonical pathway. However, recently it was found that there are biased ligands of AT1R which can be activated by shear stress through an AngII-independent mechanism [208] [209] [210] [211] [212] . It is well established that AT1R, the first mechanosensitive GPCR discovered, mediates transformation of mechanical stimuli into biochemical information and gives rise to a variety of mechanosensor-induced cellular responses (such as inflammation, cell growth, and differentiation etc.) [212, 213] . Recent studies suggest that d-flow induces β-arrestinbased signaling downstream of AT1R in the absence of ligand or G protein activation [214] . Mechanical stimulus triggered AT1R receptors mediate conformational changes in βarrestin, similar to that induced by a β-arrestin-biased ligand, to selectively stimulate receptor signaling in the absence of detectable G protein activation [211, 212, 215] . Yatabe et al., demonstrated that mechanical stress caused an increase in the phosphorylation levels of ERK in rat mesangial cells through the AngII-independent AT1R activation [210] . Taken together, this suggests that our knowledge of the mechanosensory networks in ECs is still not complete, even in well-studied pathways such as the AT1R pathway. This will be an interesting area for future research in endothelial mechanobiology.
Mechanosensitive Signaling Pathways
Shear stress is able to be translated from the cell surface through a variety of mechanosensors [216] . Once the shear stress stimulus is applied, various intracellular pathways are triggered. Interestingly, many of these pathways converge on common signaling pathways, such as the MAPK pathway and the PI3K/Akt pathway [154] . The MAPK pathway in particular can be activated through integrins (as previously discussed), among others. Briefly, integrins activated by mechanical stimuli phosphorylate and activate a complex of kinases, adaptor proteins, and guanine nucleotide exchange factors, which ultimately lead to the activation of Ras ( Figure 5A ). When Ras becomes activated, this leads to the activation of MAPKs. ERK1/2, members of the MAPK family, then activate transcription factors (such as c-myc, c-jun, and c-fos) and/or eNOS [217] . Furthermore, mechanosensitive membrane proteins activate the MAPK pathway through protein kinase C (PKC) [217] , whereas NADPH oxidase activates the MAPK pathway through ROS [218] . An additional example of such is the activation of PECAM1, as discussed previously. Furthermore, the PI3K/Akt pathway can converge with the same integrins that the MAPKs interact with and can lead to activation of eNOS [219, 220] .
These shear-responsive pathways often activate the MAPK and PI3K/Akt pathways differentially in response to LS vs. OS ( Figure 5B ) [131] . In LS, atheroprotective genes become upregulated [221] [222] [223] . Particularly, eNOS becomes phosphorylated and activated by Akt via a PI3K-dependent pathway [224, 225] and leads to an anti-atherogenic phenotype in ECs [226] .
Krüppel-Like Factor 2 (KLF2) is a mechanosensitive transcription factor which is intimately involved in the aforementioned mechanosensitive pathways. Klf2 is critical for vascular homeostasis and is a potent anti-atherogenic transcription factor [227] . Klf2 is a highly expressed in straight sections of the human aorta that experience LS, but is lower in the regions experiencing OS, such as the bifurcation in the iliac and carotid arteries [228] . Consequently, KLF2 downregulates a host of pro-inflammatory genes in ECs exposed to LS, such as vascular cell adhesion molecule (VCAM-1) and E-selectin, which mediate monocyte and T-cell adhesion to the endothelium [229] . Furthermore, KLF2 can inhibit the NFκB pathway by recruiting transcriptional coactivators to inhibit interleukin 1 (IL-1β) and tumor necrosis factor (TNFα)-mediated stimulation. KLF2 also inhibits thrombin-mediated induction of inflammatory factors, such as monocyte chemoattractant protein (MCP-1), IL-6, and IL-8, by inhibiting expression of its principal receptor protease-activated receptor 1 [230, 231] . Additionally, KLF2 prevents endothelial inflammation and thrombosis by preventing nuclear localization of phosphorylated activating transcription factor 2 (ATF2), which mediates the expression of proinflammatory and procoagulant genes [232] . To further solidify the role of KLF2 as a potent anti-thrombotic agent, it was found that KLF2 overexpression strongly increases TM, which is a cell surface factor that inhibits coagulation, and KLF2 inhibits tissue factor and plasminogen activator inhibitor 1 production. However, not only does KLF2 downregulate inflammation and prevent thrombosis, KLF2 is also responsible for the shear-induced alignment of ECs. Horrevoets et al first linked KLF2 expression to the morphological changes seen in endothelial cells exposed to shear. In this study, they found that Jun NH2-terminal kinase and MAPK signaling lead to inhibition of the phosphorylation of actin cytoskeleton-associated proteins [233] . KLF2 promotes vasodilation through the direct transcription of eNOS [234] [235] [236] [237] and by inhibiting caveolin-1, which regulates eNOS by inducing arginosuccinate synthase, a limiting enzyme in eNOS substrate bioavailability [234] [235] [236] [237] . In the long term, sustained expression of KLF2 inhibits expression of endothelin-1, adrenomedullin, and angiotensin converting enzyme, all ofwhich increase vascular contractile tone [238] .
Furthermore, KLF2 inhibits angiogenesis and EC proliferation via inhibition of VEGF-A [239] and VEGFR2 expression by competing with its transcription factor Sp1 at the promoter. In addition to these mechanisms, KLF2 can inhibit angiogenesis through semaphorins, have been shown to inhibit EC migration. Klf2 can be upregulated by LS indirectly through the LS effect on the MAPK pathway (namely MEK5 and ERK5) [240] . KLF2 is regulated through a variety of mechanosensitive pathways. These include LS induction of MAPK pathway, which causes histone deacetylase 5 (HDAC5) dissociation from MEF2, thus allowing MEF2 transcription of KLF2 mRNA [241] , PI3K inhibition by prolonged flow via Tie2, AMP-activated protein kinase activation by LS activating ERK5-MEF2. KLF2 mRNA is also stabilized via PI3K pathway [242] . Furthermore, OS causes prolonged suppression of KLF2 by the src signaling pathway [128] . Additionally, the OS sensitive gene regulator HuR plays a role in KLF2 regulation. Specifically, downregulation of HuR leads to KLF2 mRNA stabilization [243] . Pro-inflammatory cytokines such as TNFα and IL1β repress KLF2 expression via HDAC4 and p65 (component of NFκB) 
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Author Manuscript cooperatively inhibiting MEF2 [244] . Finally, oxidative stress can also decrease KLF2. SUMOylation of ERK5 by hydrogen peroxide and advanced glycation end products inhibits KLF2 expression by decreasing MEF2 [245] and the Shc oxidative stress protein p66shc [246] reduces MEF2A expression as well.
Another transcription factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a target of KLF2, is also mechanosensitive, and in conjunction with KLF2, controls 70% of the genes induced by LS [237] . Nrf2 becomes translocated to the nucleus in cultured endothelial cells exposed to LS [247] . Nrf2 which exerts its anti-atherogenic effects by modulating ROS and reactive nitrogen species (RNS) [223] . Shear stress plays a critical role in the production of ROS and RNS in ECs. Shear stress activates NADPH oxidase, resulting in production of superoxide (O 2-) [248] [249] [250] [251] . Xanthine oxidoreductase also contributes to superoxide production in response to OS [252] . In addition, NO is generated (via eNOS) [156, [253] [254] [255] [256] Although NO plays an important role in vasodilation [257] [258] [259] and inflammation [260, 261] . NO may react with superoxide, thereby forming peroxynitrite (ONOO − ), which is highly reactive. Peroxynitrite can modify proteins and lipids and induce oxidative damage [262, 263] . Although both OS and LS induce superoxide and NO, the balance between the species determines the overall effect. In the case of LS, NO production is significantly higher than that of OS [264, 265] ). Whereas in OS, superoxide production is much higher [252, [266] [267] [268] but eNOS is upregulated to a much lesser extent [269] [270] [271] , which in turn leads to the reaction of NO with superoxide to form peroxynitrite, resulting in less bioavailable NO. In contrast, LS upregulates the expression of eNOS strongly, as well as dismutases that can convert superoxide into other species, thus preventing peroxynitrite formation. These include copper/zinc superoxide dismutase (CuZnSOD) and manganese (MnSOD) [272, 273] . Nrf2 is essential for upregulating cytoprotective genes under LS [223, 274, 275] . Nrf2 binds to the antioxidant response element (ARE) in its target genes, which include phase II detoxification enzymes and antioxidant proteins, such as glutathione-Stransferase, HO-1, peroxiredoxin 1, NQO1, GCLM, and GCLC [263, 276, 277] . These enzymes are crucial for protecting cells from electrophile toxicity and oxidative stress.
Nrf2 is negatively regulated by Kelch-like ECH-associated protein 1 (Keap1), which facilitates the degradation of Nrf2 through the proteasome [278] . In response to oxidative stimuli, Nrf2 becomes activated by its dissociation from Keap1, which undergoes electrophilic attack that causes it to undergo the conformational change to dissociate from Nrf2 [245, 246, 279, 280] . In turn, Nrf2 upregulates its anti-oxidant target proteins [281, 282] . The upregulation of Nrf2 in LS is ROS dependent, as Nrf2 activation in LS was blocked by ROS scavengers [275, [283] [284] [285] [286] [287] and NADPH oxidase inhibitors. The subsequent ROS/RNS modifies Keap1 under LS conditions so that Nrf2 is no longer suppressed.
As opposed to LS, in OS, ECs express pro-inflammatory cytokines such as MCP-1 [219] and inflammatory cell adhesion molecules such as VCAM1 and ICAM1 [288] . The chemokine MCP-1, contains a phorbol ester (TPA)-responsive element (TRE) in its promoter region, which was also found to be shear-sensitive and regulated through MAPKs [219] . Similarly, VCAM1 and ICAM1 also contain these shear-responsive elements in their promoters [288] . Furthermore, ECs express other pro-inflammatory, shear-sensitive proteins such as NADPH oxidase [223] , and bone morphogenetic protein (BMP4) [289] . Two of the 
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NFκB is comprised of p65 (RelA) and p50, and its activity is regulated by its intracellular location. Under basal conditions, NFκB is located in the cytosol bound to IκBα. Under stimulation, IκBα becomes phosphorylated by IκB kinase, and thus NFκB becomes free to pass into the nucleus and bind to target genes for transcription. Whereas AP-1 is a heterodimer composed of different proteins from either the c-Fos, c-Jun, ATF, or JDP families depending on the target gene. ROS produced by NADPH oxidase or other oxidases can directly activate NFκB and AP-1 [296, 297] in MAPK, ERK, and c-Jun N-terminal kinase (JNK) dependent pathways [221, [298] [299] [300] [301] [302] .
Ultimately, these findings have demonstrated that LS upregulates "atheroprotective" genes and downregulates "pro-atherogenic" genes while OS results in the opposite phenomenon. However, although the PI3K/Akt and the MAPK pathways have been well-documented, other pathways still remain to be discovered.
Mechanosensitive Endothelial-Derived Factors and Their Role in Atherosclerosis
Mechanical forces generated at the endothelium due to altered blood flow conditions are important in order to ensure a continuous release of vasoactive factors, including endothelium-derived growth factor, miRNAs, autacoids, etc. Although the mechanism by which endothelial cells are able to detect and convert these physical stimuli into chemical signals is unclear, this process involves the activation of integrins, G proteins, miRNAs, and cascades of protein kinases. Importantly, eNOS can be activated by LS as described above. Likewise, these hemodynamic forces are also able to elicit the synthesis of ROS and endothelium-derived hyperpolarizing factors, all of which play a role in modulating arterial compliance in particular vascular beds. Fluid shear stress can modulate EC and vascular SMC gene expression, cellular function, and pathophysiology of atherosclerosis. Studies assessing eNOS gene expression, proliferation, angiogenesis, migration during atherogenesis further highlight the importance of EC-SMC interactions, suggesting a complex eNOS regulation by shear stress-induced epigenetic modification at the transcriptional and posttranscriptional levels [303] .
Vascular smooth muscle cells (SMCs) are important targets for endothelium-derived nitric oxide (NO) and the vasodilator action of the endothelium is mediated by the release of substances-including NO, prostacyclin, and eicosatrienoic acid-that hyperpolarize smooth muscle by activating calcium-dependent potassium channels and are collectively referred to as endothelium-derived hyperpolarizing factors [304] . eNOS catalyses the production of nitric oxide from the cationic amino acid L-arginine. The enzyme is activated via changes in intracellular calcium in response to changes in shear forces or via a receptor-mediated process. Released nitric oxide activates soluble guanylate cyclase in smooth muscle cells, converting GTP to cGMP, activating protein kinases which lead to the inhibition of calcium influx into the smooth muscle cell thereby reducing calcium-calmodulin stimulation of myosin light chain kinase. This in turn downregulates the phosphorylation of myosin light chains thus reducing smooth muscle constriction and causing vasodilatation [305] . These molecules are released from the endothelium by many of the same agonists (e.g., acetylcholine and bradykinin) that stimulate nitric oxide synthesis after receptor-activated increases in endothelial cytosolic calcium concentration. Additionally, 15(S)-Hydroxy-11,12-epoxyeicosatrienoic acid (15-H-11,12-EETA) and 11(R),12(S),15(S)trihydroxyeicosatrienoic acid (11,12,15- As mechanistic studies about endothelium-derived factors and their transport to adjacent cells are still emerging, it has become clear thus far that part from the direct transfer of these factors to smooth muscle cells, circulating extracellular vesicles (EVs) comprised of exosomes, microvesicles, and apoptotic bodies can serve as transporters and can be easily differentiated in their size, formation, and release mechanisms. EVs were shown to act as a messengers that serves a long-distance delivery of complex cellular messages. The cargo of EVs consists of a variety of biomolecules including proteins, DNA, mRNA, miRNAs and long non-coding RNAs. In normal or pathological conditions, EVs deliver various molecules to the recipient cells. Those molecules greatly vary depending on the microenvironmental stimuli. During atherogenesis, EVs derived from vascular endothelial cells, vascular smooth muscle cells, macrophages, and other circulating immune cells mainly possess proinflammatory properties. However, the capacity of circulating EVs to stably maintain and deliver a variety of biomolecules makes these microparticles to be a promising therapeutic tool for treatment of cardiovascular pathology. To date, circulating EVs were evaluated to be as a source of valuable diagnostic and prognostic biomarkers such as microRNA. Circulating EVs have the potential to serve as natural vehicles for targeted therapy of cardiovascular diseases [309] .
Recent studies have shown that miRNAs can be rapidly transported from the endothelium to other cell types and can perform athero-relevant functions. Zhou et al showed that miR-126 is secreted by endothelial cells in protein complexes by OS conditions. This miR is then transported to smooth muscle cells, where it inhibits the expression of proteins that normally keep the cells in a contractile and quiescent state [310] . There has been conflicting reports on the role of miR-126 in pathophysiology of atherosclerosis. Initially, miR-126 was implicated in atheroprotection especially in the endothelial cells [311] ; however, its role in smooth muscle cells is proatherogenic [310] . It is not clear how these miR-containing protein complexes are secreted by endothelial cells and how they enter smooth muscle cells, but answering these questions require additional studies.
From our previous studies, we found that miR-712 and miR-205 expression is also increased in circulation and were also increased in the medial SMCs and circulating immune cells [79] . Although, their mechanism of transport is not clear, it is clear that these miRNAs play 
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Author Manuscript an important role in smooth muscle migration and leukocyte-endothelial interactions, respectively, which are key steps in atherogenesis. On the same lines, various shear stressmodulated miRNAs, including miR-126, miR-19a, miR-23b, miR-92a, miR-10a, miR-21 and miR-663, play a crucial role in EC angiogenesis, proliferation, and atherosclerosis [312] [313] [314] . The role of shear stress-induced expression of these miRNAs and their impact on the vascular physiology and pathophysiology can be demonstrated by their regulatory roles in differentially regulating various cellular function in ECs vs. SMCs during atherosclerosis [310, 313, [315] [316] [317] [318] [319] [320] .
Finally, the mechanosensitive transcription factor KLF2 (discussed previously) binds to the promoter of the miR-143/145 cluster in ECs and thus induces the expression of miRNAs contained within the cluster and their subsequent transport to SMCs via EVs. These EVs derived from KLF2-expressing ECs also reduced atherosclerotic lesion formation in the aortas of ApoE-deficient mice, suggesting that atheroprotective stimuli induce communication between ECs and SMCs through miRNAs [321] .
Identification of Mechanosensitive Genes by 'Omics'
The greatest challenge of cardiovascular research is to understand the causes and consequences of vascular pathology. In recent years, many resources have been devoted to unraveling the basic mechanisms of atherosclerosis. Because of the complex and multifactorial pathophysiology, different research techniques have increasingly been combined to disentangle various aspects, molecular pathways, and cellular functions involved in atherogenesis and endothelial inflammation so as to get a holistic picture. Research in this area has made great strides due to a rapid evolution of high-throughput technologies to identify molecular changes at DNA, RNA, and protein levels. With the help of high-tech computational tools, these data sets are integrated to enhance information extraction and are being increasingly used in a systems biology approach to model biological processes as interconnected and regulated networks. Here, we briefly review how a high-throughput "omics" approach, such as epigenomics, transcriptomics, miRnomics, proteomics, and metabolomics can be used to explore the mechanisms of disturbed flowinduced endothelial inflammation and atherosclerosis.
Methylomics Approach
From "omics" data, it has become increasingly clear that key regulatory elements control the mechanosensitivity of vast networks of genes. Therefore, in order to use "omics" data such as the methylome to find mechanosensitive genes, it is critical to understand epigenetic regulation. Epigenetics is defined as the modification of genetic information without direct alteration of the DNA sequence. One such mechanism is through direct DNA structural modifications such as DNA methylation, histone modifications, and chromatin remodeling complexes. Histone modifications and chromatin remodeling complexes alter the structure of genomic DNA interchangeably between euchromatin and heterochromatin in order to control accessibility of DNA sequences [322] . Genomic DNA in an open, relaxed conformation is known as euchromatin and is associated with acetylated histones, whereas condensed genomic DNA is defined as heterochromatin and is associated with methylated histones (reviewed elsewhere [323, 324] ). Whereas DNA methylation directly alters the bases and the physical interaction (or lack thereof) with transcription factors impact transcription of genes. In this mechanism, transcription factors are recruited to specific regions of a gene promoter to form a transcriptional complex that assists RNA polymerase to bind and transcribe the gene to mRNA reviewed elsewhere [324] .
One of the first indications of aberrant DNA methylation in atherosclerosis was reported by
Lund et al. [325] . In this study, they found that atherosclerosis-prone ApoE-deficient mice develop specific changes in DNA methylation in peripheral blood leukocytes and the aorta, both pre and post-lesion formation. Specifically, there is both hypomethylation and hypermethylation in the aortas and leukocytes of ApoE knockout mice. Furthermore, they found that atherogenic lipoproteins promote global DNA hypermethylation in a human monocyte cell line. Review of additional studies indicate there is global hypomethylation in advanced lesions due to the increased proliferation of smooth muscle cells in humans, ApoE knockout mice, and New Zealand White rabbits [326, 327] . Later, Zaina et al. reported that in donor-matched healthy and atherosclerotic human aorta samples, the atherosclerotic portion of the aorta was hypermethylated across many genomic loci in comparison with the healthy counterpart [328] . Furthermore, they identified several differentially methylated genes associated with atherosclerosis onset that are involved in endothelial and smooth muscle functions including HOXA6, HOXA9, MIR23b, PDGFA, PLAT, PRRX1, and PXDN. Taken together, these early studies indicate that there is hypomethylation of proatherosclerotic genes and hypermethylation of anti-atherosclerotic genes.
Although the previous studies greatly contributed to our understanding of epigenetics in atherosclerosis, more recent studies focus more in depth on the role of methylation in specific cell types. Several groups independently found that DNA methyltransferases (DNMTs) are shear responsive proteins that regulate flow-mediated endothelial gene expression programs [329] [330] [331] . Jiang et al. first discovered that in the endothelium of pig aortas and in cultured human aortic ECs, the promoter of Klf4 is hypermethylated [329] . Klf4 is a key mediator of endothelial function and has been well documented to maintain an anti-inflammatory, quiescent endothelial state in unidirectional flow conditions [329, [332] [333] [334] . In this study, both DNMT3A expression and DNMT3A binding to the Klf4 promoter were found to increase due to d-flow. This led to DNA hypermethylation and decreased MEF2 binding. MEF2 is a key transcription factor that controls Klf4 upregulation in ECs [335] . DNMT inhibition by the chemical inhibitors 5Aza and RG108 rescued Klf4 expression and reversed the d-flow-induced suppression of the downstream targets eNOS and thrombomodulin. Additionally, the d-flow-induced overexpression of MCP-1 was blunted. Thus, the methylation status of key genes such as Klf4 and eNOS can be a crucial indicator of endothelial phenotype.
Genome-wide studies of DNA methylation and gene expression, recently reported by our lab and others, provided a link between mechanosensitive DNA methylation changes and atherosclerosis development in vivo. Our DNA methylome and transcriptome studies, using reduced representation bisulfite sequencing (RRBS) and microarray, respectively, revealed that d-flow regulates global DNA methylation patterns in a DNMT-dependent manner. Using the PCL model, we found a dramatic increase in DNMT1 expression in the LCA. Further, DNMT1 expression was induced by OS in cultured ECs, and inhibition of DNMT 
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Author Manuscript with either 5Aza or DNMT1 siRNA markedly reduced OS-induced endothelial inflammation. Additionally, 5Aza reduced lesion formation in both acute and chronic mouse models of atherosclerosis. Genome-wide RRBS and microarray studies from animals treated with 5Aza demonstrated that DNMT1 inhibition in d-flow regions reverts DNA methylation and gene expression back to the healthy conditions [330] . These DNA methylome and transcriptome results were used to identify 11 mechanosensitive genes that were hypermethylated in the promoter regions, downregulated by d-flow, and 5Aza-reversible ( Figure 6 ). They were HoxA5, Tmem184b, Adamtsl5, Klf3, Cmklr1, Pkp4, Acvrl1, Dok4, Spry2, and Zfp46. Of these 11 genes, 5 (HoxA5, Klf3, Cmklr1, Acvrl1, and Spry2) contain CRE (cyclic AMP response element) in their promoters. The relevance of these genes to atherosclerosis and endothelial biology is currently unknown, but is under investigation. [330] .
Transcriptomics Approach
Transcriptomics approach covers the genome-wide study of RNA (mRNA, microRNA and long noncoding RNA) expression that is primarily identified using microarray analyses. It is a widely applied technique for studying the underlying mechanism(s) of diseases, and it has also extensively been used to study expression profiles of atherosclerotic-prone or atherosclerotic vessels, [336] predominantly in human [337] [338] [339] and other experimental animals [340] [341] [342] [343] [344] . Advanced techniques like laser-capture microdissection have furthermore enabled scientists to isolate and analyze specific subregions within atherosclerotic vessels or lesions, such as, e.g., plaque area versus media and adventitia, etc. [345] . Furthermore innovative methods have been developed to allow enriched isolation of particular cell types, such as endothelium [43, 312, 346] or macrophages [347] for subsequent genome-wide expression profiling, enhancing our understanding of cell typespecific functions in atherogenesis. Since the use of transcriptomic approach in atherosclerosis has been reviewed else [345, [348] [349] [350] [351] , we will focus on how this approach has been used to identify mechanosensitive genes in the endothelium that play a critical role in endothelial dysfunction and atherosclerosis.
McCormick et al. studied changes in gene expression of sheared human umbilical vein ECs using microarray and identified that genes responsible for cell proliferation and differentiation, vascular tone, ECM, RNA degradation, thrombosis, chemotaxis, and inflammation were differentially regulated [352, 353] . Chen et al. investigated the effects of 24 h shear stress on gene expression profiles of HAECs by microarrays and identified that genes related to inflammatory cytokines, cell proliferation, ECM/cytoskeleton remodeling, and signal transduction were altered by long-term LS that kept the ECs quiescent under laminar flow [354] . Using a custom-designed microarray, Dekker et al. showed that the majority of flow-regulated endothelial genes are also influenced by increased cytokine levels, which results in cross-talk between flow and inflammatory-mediated downstream signaling mechanisms. They also identified a flow-sensitive endothelial-specific transcription factor LKLF [228] . Ohura et al. showed that LS, but not OS, decreased DNA synthesis and cell cycle regulators in ECs and that OS affects genes responsible for vascular remodeling, such as endothelin-1, TGFβ, collagen type IV, and ephrin A1 [355] . Viemann et al. reviewed the knowledge from these array datasets and identified that endothelial subtype heterogeneity and limited quantity of RNA samples were the important limitations for studying the global gene expression using arrays. Moreover, these datasets were obtained from in vitro ECs, which do not necessary show the same genotypic/phenotypic correlation as the ECs experiencing LS or OS in in vivo conditions. This was further complicated by a lack of robust and reproducible animal models to produce d-flow and endothelial dysfunction. To overcome this, we recently developed the PCL model (see above) [43] . We also developed a novel method to collect endothelial-enriched RNAs from the carotids of these animals, which enabled us to perform genome-wide expression analyses of mRNAs in the arterial endothelium exposed to either d-flow or laminar flow [356] (Figure 7) .
Recently small non-coding RNAs, microRNAs (miRNAs), have emerged as important regulatory RNAs that have been implicated in gene expression regulation [357] . miRNAs interact with the 3′untranslated region (UTR) of specific target mRNAs in a sequencespecific manner, resulting in mRNA degradation or translational inhibition [357] . With the advancements in the field and availability of miRNA microarray platforms, many research groups used this "omics" approach to identify flow-sensitive regulators of endothelial transcriptome. It has been previously demonstrated that LS and OS differentially regulate the expression of miRNAs in ECs. Initially, the majority of flow-sensitive miRNAs has been identified and characterized using cultured ECs that were subjected to LS or OS conditions. Using an omics approach on cultured ECs Weber et al. showed that miR-21 is induced in ECs by shear stress and modulates apoptosis and eNOS activity [358] . Likewise, Wang et al. showed that miR-19a suppresses the expression of cyclin D1 under LS [313] . Our lab showed that miR-663 is one of the most flow sensitive miRNAs this is upregulated by OS [359] . Of these, a select few were subsequently validated in vivo. Therefore, only a limited number of direct linkages to atherogenesis have been established. Below is a summary of the current knowledge of flow-sensitive microRNAs and their role in endothelial dysfunction and atherosclerosis. Shu Chien and colleagues were the first to report flow-sensitive miRNAs (miR-19a and 23b) in cultured ECs while Peter Davies and colleagues reported miR-10a as the first flow-sensitive microRNA identified directly from the porcine endothelium in vivo [312, 319] . Although the majority of flow-sensitive microRNA have been identified using ECs in vitro, it is important to validate them in vivo since numerous mechanosensitive genes identified in vivo are known to be either dysregulated or lost during endothelial cell culture [79, 356] . Our lab identified two important and novel d-flow induced miRNAs, miR-712 and miR-205, by using the PCL model described above [79, 81] (Figure  7) . These miRNAs play a critical role in regulation of the MMPs by regulating their upstream inhibitors (TIMP3 and RECK). Using a systems biology approach to integrate the knowledge from these two datasets, we identified key hub genes and important gene networks that are crucial in the pathophysiological process of atherosclerosis. Further mining of these two important datasets (d-flow-altered miRNAs and d-flow altered genes) could provide additional insight into the underlying mechanisms of d-flow-induced atherosclerosis.
Proteomics Approach
Although proteomics has been extensively used in other diseases such as cancer, there are only a few reports on proteome analysis of arterial ECs. In this section, we will summarize 
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Traditional techniques to understand changes at the protein level are mainly based on immunological detection methods such as Western blots and ELISAs. However, these approaches have identified some of the shear stress-responsive proteins [189, 190, 200, 288, [360] [361] [362] [363] [364] [365] [366] [367] [368] [369] [370] . But these techniques can identify only one or a few proteins at a time and heavily depend on the abundance of protein of interest in the sample and the availability of specific antibodies, thus limiting their feasibility for comprehensive analyses [371] . Using mass spectrometry-based strategies, however, the up-or downregulation of a large numbers of proteins in response to shear stress can be examined pursue the changes at the protein level in a greater details. Proteomic studies on cultured ECs involving the analysis of ECs from human and other animal sources is summarized below.
Previous studies identified that a point mutation in the 5′-flanking region of the eNOS gene, −786T→C, renders it insensitive to laminar flow, thereby suppressing its transcription. Consequently, human ECs homozygous for the eNOS mutant variant do not respond to shear stress and lead to endothelial dysfunction [372] [373] [374] . Severely reduced NO production, however, could indirectly affect the expression of other proteins in CC genotype cells. A total of 14 proteins were identified to be differentially expressed and primarily affected the NO-dependent endoplasmic reticulum stress response. Antioxidant gene manganese-containing superoxide dismutase (SOD-2) expression increased in the CC genotype ECs compared to those carrying the TT genotype and possibly contributed to an anti-atherosclerotic phenotype [375] . Shear stress not only affects eNOS expression, but also indirectly enhances eNOS activity via phosphorylation [376] . Chen et al. used a nano-LC-MS/MS-based proteomics approach and identified that AMP-activated protein kinasedependent phosphorylation of eNOS Ser-633 in response to LS acts as a functional signaling event for NO production [376] . Similarly, Gallis et al. reported increased phosphorylation of eNOS in response to LS in bovine aortic ECs. Furthermore, using metal affinity chromatography followed by solid phase extraction capillary electrophoresis, two key phosphorylation sites on eNOS, Ser-116 and Ser-1179, were identified and activation of PI3K and Akt was found to be involved in shear stress-dependent eNOS phosphorylation and stimulation [377] .
The stimulation of eNOS results in an increased production of NO, which, in turn, can interact with susceptible cysteine residues, resulting in S-nitrosylation of proteins. Snitrosylation is an important posttranslational modification that plays a role in the modulation of cardiovascular function via the regulation of mitochondrial metabolism, intracellular Ca 2+ handling, protein trafficking, and cellular defense against apoptosis and oxidative stress [378] [379] [380] . Huang et al. analyzed the changes in S-nitrosylation of reactive cysteine residues present in endothelial proteins post LS [381] . Using a similar approach, Huang et al. showed that increased S-nitrosylation on cytoskeletal proteins is critical for adaptation and remodeling of endothelium in response to laminar flow conditions [382] . Wang et al. used a proteomics approach on bovine arterial ECs to identify the effect of shear stress at multiple time points and confirmed that many previously-identified proteins change as a result of LS within a few minutes to a few hours [371] . Using a labeled quantitative proteomics approach, Freed et al. analyzed the role of phosphatidylserine in preventing apoptosis under LS [383] . Additionally, phosphatidylserine was shown to be essential for induction of the shear stress-mediated activation of the PI3K/AKT cell proliferation and survival pathway [384, 385] . In some recent studies, experimental set-ups were modified to create pulsatile shear stress by utilizing dynamic flow systems [272, 386, 387] . In ECs, exposure to shear stress for 18 h conferred protection from TNF-α-induced apoptosis through an NO-independent mechanism that relied on de novo protein synthesis [387] .
Pulsatile shear stress also provides antioxidative and anti-inflammatory benefits on ECs, at least in part, by the induction of sirtuin 1 (SIRT1). Wen et al. identified phosphorylation sites based on nano-LC-MS/MS. Their study revealed that pulsatile shear stress induces an upregulation of SIRT1 and Ca 2+ /calmodulin-dependent protein kinase kinase β (CaMKK-β) phosphorylation of SIRT1 at Ser-27 and Ser-47. The role of CaMKK-β in SIRT1 activation was validated in mice lacking CaMKK-β or endothelial SIRT1, which shows a remarkable increase in atherosclerosis [386] . Taken together, these data from following proteomics approach suggest that both laminar as well as pulsatile shear stress provide protection to ECs via NO production as well as other mechanisms.
In contrast to laminar or pulsatile shear, Ai et al. analyzed the pathophysiological significance of SOD-2 in response to OS using LDL particles to assess protein nitration via peroxynitrite (ONOO − ). The analysis of apolipoprotein B-100 (apoB-100), the protein component of LDL, by LC-MS/MS revealed that OS increased the extent of LDL protein nitration in comparison to static controls. OS also induces oxidative stress as it enhances ONOO − formation through alteration of the O 2 − to NO ratio, leading to protein nitrotyrosination that further induces atherosclerosis [271, 388] . Burghoff and Schrader analyzed the secretome of ECs under static and shear stress (both LS and OS) conditions using a quantitative proteomics approach and found that out of a total of 240 secreted proteins, 101 were differentially regulated under shear stress. This finding highlights the impact of shear stress on the contribution of ECs to the regulation of vascular homeostasis [389] .
Studying one protein at a time, our lab also identified that LS upregulates endothelial Ca 2+activated K + channels KCa2.3 and KCa3.1 via a Ca 2+ /calmodulin-dependent protein kinase kinase/Akt/p300 cascade. Laminar shear also upregulates peroxiredoxins in ECs, which serve as mechanosensitive antioxidants. Laminar shear also inhibits the activity of the protease cathepsin L in ECs. While, OS stimulates endothelial production of BMP4 and loss of BMPR2, thereby contributing to endothelial dysfunction and atherosclerosis [82, 91, 266, [390] [391] [392] [393] [394] [395] [396] .
In summary, the proteomic studies represent a cutting edge tool which can be used to understand the underlying mechanisms of atherosclerosis and identify novel diseaseassociated biomarkers that will provide specificity and sensitivity to diagnostics and improvement in prognostics. Investigations of endothelial dysfunction and atherosclerosis using direct proteomic studies have been very challenging in particular due to the heterogeneity of the vascular tissue, hemodynamic forces, as well as that of the plaque composition. Presently, there is a limited insight into the endothelial proteome under shear stress. These studies have already identified some key shear stress-responsive proteins that were not previously known and may pave the way for future investigations to understand the mechanisms linking cause and effect in atherosclerosis. Further research is needed in order to complete understand the specific role of these proteins in activation or inhibition of specific signaling pathways with regard to the response to shear stress.
Metabolomics Approach
Metabolites are small molecule intermediates and products of cellular metabolism. Over the past several years, researchers have gleaned valuable information from analyzing the metabolite profile in human plasma. With the inventions of new platforms to analyze hundreds of biomolecules, a wealth of metabolite information is within easy grasp. The most common method for metabolic profiling uses mass spectrometry [397] . Metabolite information can be integrated with biological phenotypes and can improve our understanding of the metabolic basis of disease [397] . One of the first studies to identify differential expression of biomarkers in atherosclerosis was by Mayr et al. They found there was a decreased ratio of alanine to pyruvate in ApoE knockout mice and there was a difference in the metabolism of trimethylamine oxide (TMAO), a byproduct of cholate metabolism, in female vs. male aortas [398] . Later studies by Chen et al. found that the fatty acid palmitate significantly contributed to atherogenesis through its effects on apoptosis and inflammation [399] . Ultimately, their study concluded that the development of atherosclerosis is linked to dysfunctional fatty acid metabolism. Another study by Cheng et al. found that ApoE and LDL receptor knockout mice fed high fat diet led to significant differences in tricarboxylic acid cycle and fatty acid metabolism, and in choline metabolism, notably the choline oxidation pathway [400] . Specifically, the loss in the LDLR caused a marked reduction in the urinary excretion of betaine and dimethylglycine. Later, Wang et al. discovered that three metabolites of the dietary lipid phosphatidylcholine, choline, TMAO and betaine, were enriched in a cardiovascular disease clinical cohort. Dietary supplementation of mice with choline, TMAO, or betaine promoted upregulation of multiple macrophage scavenger receptors linked to atherosclerosis, and supplementation with choline or TMAO promoted atherosclerosis. Furthermore, they found that the interaction of dietary choline with gut flora was playing a critical role in this process [401] .
Although these studies were pioneering work in the field of metabolomics and atherosclerosis, our more recent study investigated the role of d-flow on the metabolite profile in order to elucidate specific mechanisms of d-flow-induced atherosclerosis. In this study, we used blood plasma samples from ApoE−/− mice collected one week after undergoing a partial carotid ligation to induce d-flow. Mice receiving sham ligation were used as a control. A metabolome-wide association study showed that 128 metabolites were significantly altered in the ligated mice compared to the sham group. Of these, sphingomyelin (SM), a common mammalian cell membrane sphingolipid, was the most significantly increased in the ligated mice. 171 metabolites were associated with SM. 18 and 41 of the 128 discriminatory metabolites were positively and negatively correlated with SM, respectively. Furthermore, Metabolic network analysis of these 59 metabolites significantly altered by d-flow and correlated with sphingomyelin was performed for pathway maps using MetaCore. From the analysis, 13 significant metabolic networks were discovered as being altered [402] (Figure 8 ). These results suggest that local signaling from d-flow can induce systemic metabolic changes associated with atherosclerosis.
Summary and Future Perspectives
The endothelium is essential to maintaining homeostasis in the vasculature, and in turn, the effect of forces on the endothelium is critical to maintaining a healthy endothelial phenotype. In particular, fluid shear stress from blood flow is one of the stimuli that is paramount to the regulation of vessel physiology. The effect of WSS on the endothelium has far-reaching consequences in the cardiovascular system, namely the endpoints of atherosclerosis, yet the initiation can be traced back to the intracellular level. A variety of mechanosensors identified in the endothelium have been shown to be directly responsible for the change in endothelial phenotype, which in turn leads to atherosclerosis. These include PECAM1, glycocalyx, caveolins, cytoskeletal structures, integrins, AT1R, stretchactivated channels, TRPCs, and the apelin receptor. Through their effects on the levels of NO, ROS, MAPK, and Akt pathways, WSS is transduced from a physiological phenomenon to a disease in regions where d-flow arises, namely where there is low magnitude WSS in oscillating, complex flow pattern. This is due to conversion of ECs into a pro-inflammatory phenotype.
A variety of models of shear stress and atherosclerosis are currently in use. These include the cone-and-plate viscometer, the parallel plate chamber, the partial carotid ligation, and the carotid cuff model. These models directly study the effect of disturbances in WSS. However, despite the progress made in these models, we still lack answers to major questions. Current and future work is needed to identify all endothelial shear sensors, elucidate the translation of these sensors' responses to biological responses, and how these signals synergize with systemic risk factors to promote atherosclerosis.
Furthermore, the budding field of bioinformatics allows us access to glean useful information about the pathogenesis of atherosclerosis from large datasets generated in the above models. Each large dataset, including the methylome, the transcriptome, the miRnome, the proteome, and the metabolome uncovered a variety of important genes and small molecules. Although we have not found the clear link between all of the genes and small molecules that were uncovered in these studies, in the future, pathway analyses will certainly provide connections.
Using an integrative "omics" approach, we can identify novel biomarkers and design therapeutic strategies to treat atherosclerosis. In particular, locked nucleic acids (LNAs) and siRNAs have already been developed against miRNAs and genes respectively, which have been successfully used in animal models. Likewise, methylomics studies provide novel insight into the mechanism by which flow regulates gene expression in a methylationdependent manner and will aid in the discovery of novel anti-atherogenic therapeutic targets. In order to optimize the delivery of therapeutics, better strategies should be developed in the future to deliver these inhibitors either specifically to cells of interest or to design more specific inhibitors that can specifically block a unique but desired mRNA-miRNA interaction or gene. The blood vessel wall is comprised of three layers: the intimal layer, medial layer, and adventitial layer. The intimal layer is mainly composed of the endothelium, the medial layer is mainly comprised of smooth muscle cells, and the outermost adventitial layer is comprised of fibroblastic cells. The forces experienced by the arterial wall include the normal stress of blood pressure induced by blood flow, the circumferential stretch induced by cyclic strain driven by the pressure pulse, and the wall shear stress exerted by the blood flowing tangential to the surface of the blood vessel. Adapted from Tarbell et al. (2014) . Following 5Aza treatment of partially ligated animals, endothelial gDNA was collected and the methylation status was determined. On comparison between the genes identified as having hypermethylated promoters and a standard gene microarray using mRNA, 11 genes were found that hypermethylated promoters, were downregulated in the LCA, and were rescued by 5Aza treatment. (data are shown as the mean ± SEM. *P < 0.05; **P < 0.05). Gene names containing hypermethylated promoter CRE sites in are indicated with a single asterisk (* 
